IAPP. Preventing IAPP aggregation, and hence the formation of the toxic oligomers and amyloid, could prevent disease progression.
It is well established that rodent IAPP (rIAPP) is nonamyloidogenic and nontoxic. It is also established that rats and mice are not known to develop type II diabetes (5) . A comparison of the peptide sequences between human and rodent IAPP showed six amino acid substitutions ( Figure 1 ). Five of the substitutions known to convert amyloidogenic human IAPP into non-amyloidogenic rodent IAPP occur in the 20-29 region of the peptide. Because of these substitutions the 20-29 region has long been described as the amyloidogenic region of IAPP (6) (7) (8) . While recent studies have indicated that several mutations outside of the 20-29 region can hinder fibrillogenesis, the 20-29 region has been the focus of most studies aimed at preventing IAPP aggregation (9) (10) (11) (12) (13) (14) (15) . These studies have provided a great deal of information about the aggregation-prone 20-29 region of IAPP. However, no extensive screen has been performed to identify non-amyloidogenic mutations of IAPP. A broad screen would not only identify individual mutants of IAPP that are nonamyloidogenic, but could also pinpoint the interactions responsible for IAPP aggregation.
Here, we describe a screen that takes advantage of the slow folding kinetics of enhanced green fluorescent protein (EGFP) to select for IAPP mutations that resist aggregation. Proteins fused to the N-terminus of EGFP can attenuate the extent of EGFP fluorescence within a cell (16) . This control over EGFP fluorescence is related to the ability of the fusion protein to remain monomeric and soluble in solution. Fusions proteins that self-assemble into insoluble fibrils prevent the EGFP from folding and fluorescing. In this screen the IAPP peptide was genetically fused to EGFP. When expressed in E. coli, the IAPP-EGFP fusion protein produces virtually no green color or fluorescence due to the amyloidogenic nature of IAPP. Aggregation of IAPP precludes folding, and hence fluorescence, of the EGFP reporter. However, when a soluble and non-amyloidogenic mutant of IAPP is fused to EGFP, the EGFP is capable of folding and fluorescing. Using error-prone PCR, we constructed a library of mutated IAPP sequences genetically fused to EGFP. This mutated IAPP-EGFP library was expressed in E. coli and screened for green fluorescent colonies. Those colonies showing the greatest fluorescence were selected and identified through DNA sequencing. To verify the results, four of the selected IAPP mutant peptides were chemically synthesized and their propensity to aggregate and form fibers was characterized in vitro.
Experimental Procedures Materials
Synthetic peptides were prepared by GenScript Corporation (Piscataway, NJ), except for A13E IAPP (synthesized by Lifetein, LLC, South Plainfield, NJ). DNA purification kits were from Qiagen Inc (Valencia, CA). Klenow fragment DNA polymerase and restriction endonucleases were from New England Biolabs (Ipswich, MA). Expand High Fidelity DNA Polymerase was from Roche . pET 28a and pCDF-1b plasmids were from Stratagene. DNA sequencing was performed by Davis Sequencing, Inc (Davis, CA).
Construction of the IAPP Gene
The IAPP gene was constructed using overlap gene assembly. Two single-stranded DNA oligonucleotides (Supplemental) were designed to base-pair to each were designed to basepair to each other with complementary 3' termini. Oligos were diluted to 10 µM with deionized H 2 O (dI H 2 O). 26 µL of oligo 1 and 26 µL of oligo 2 were mixed together in a sterile eppendorf tube along with 25µL 10× Ecopol Buffer (New England Biolabs) and 143 µL dI H 2 O. This solution was heated at 85°C in a heat block for 15 minutes to fully denature the DNA oligonucleotides. The heat block was turned down to 37°C to allow the mixture to slowly cool and allow proper annealing of the oligos. After the temperature dropped to 37°C, 10 µL of 5mM dNTP's, 10 µL of 20 mM DTT, and 4 µL Klenow Fragment (5000 U/ mL NEB) were added. The solution was incubated at 37°C for 1 hour. Double stranded gene product was purified (Qiagen PCR purification kit). Codons were optimized for expression in E. coli. The full length gene product was PCR amplified (supplemental). The gene product was digested with Nco 1 and Bam H1 restriction endonucleases and ligated into analogously digested pAβ42-EGFP(17) yielding the final plasmid, pIAPP-EGFP.
Construction of the I26P mutant of IAPP
The I26P variant of IAPP is known to be non-amyloidogenic and can inhibit IAPP fibril formation (11) . As a positive control, we constructed the I26P mutant of IAPP and genetically fused it to EGFP. We used the Quikchange Site-Directed Mutagenesis System (Stratagene) and the following primers: 5'CAACAACTTTGGCGCGCCGCTGAGCAGCACCAACG3' and 5'CGTTGGTGCTGCTCAGCGGCGCGCCAAAGTTGTTG3'.
Construction of the mutated IAPP library
The mutated IAPP library was generated using PCR-based random mutagenesis (Stratagene/ Agilent Technologies Genemorph II mutagenesis kit). The DNA primers used were 5'-CTTTAATAAGGAGATATACCATGGGC-3' and 5'-GCGGAGCCAGCGGATCC -3'. These primers maintained the Nco 1 and Bam H1 restrictions sites, but allowed for mutagenesis of each of the 37 codons of the IAPP gene. Four cycles of PCR mutagenesis were performed (following instructions of the manufacturer) on the IAPP gene to yield an amplified gene product containing, on average, one mutation per gene. After the fourth round of amplification, the randomized gene mixture was digested with Nco 1 and Bam H1 restriction endonucleases and ligated into similarly digested pAβ42-EGFP (17) . The ligation product was purified with Qiagen PCR purification kit and eluted with dI H 2 O.
The mutated IAPP-EGFP plasmid library was transformed into electrocompetent XL1-Blue E. coli (18) and plated on LB media plates containing 20 µg/mL of the antibiotic streptomycin. The plates were incubated for 16 hours at 37°C. Approximately 25,000 colonies were produced. Five colonies were randomly chosen for DNA sequencing to verify mutagenesis. Three of the five samples had mutations resulting in changes to the amino acid sequence (K1I, K1N and the triple mutant H18N, A25V, L27N). One sample possessed a silent mutation that yielded the wild type IAPP peptide sequence. The fifth sample was the wild-type IAPP. We estimate that 80% of the 25,000 colonies generated contained at least one mutation. The colonies were scraped from the plates and combined in 100 mL LB media containing 20 µg/mL streptomycin. The mutated IAPP-EGFP plasmid library was purified from this cell suspension using Qiagen's DNA purification miniprep kit. (Qiagen).
Screening the Mutated IAPP-EGFP Library
The mutated IAPP-EGFP plasmid library DNA was transformed into electrocompetent BL21(DE3) E. coli. The cells were rescued with SOC media and plated on sterile nitrocellulose discs placed on LB media plates containing 20 µg/mL streptomycin. The transformation mixture was plated to yield a density of approximately 500 colonies per plate. The LB plates were incubated for 16 hours at 37°C. The nitrocellulose discs, covered in colonies, were transferred to LB media plates containing 20 µg/mL streptomycin and 2 mM IPTG. The plates were incubated at 37°C for 4 to 6 hours. To select green colonies, the plates were scanned both under white light and under 490 nm light. Green fluorescent colonies were selected based on their visual ability to fluoresce green.
Quantification of Cellular Fluorescence
Selected colonies were grown to an O.D. 600 of 0.7 before protein induction with 1 mM IPTG. The induced E. coli were incubated at 37°C with shaking for 4 hours. The cells were transferred to black 96-well fluorometer plates to record the fluorescence emission (Ex 490nm and Em 516 nm ) of each culture using a Hitatchi F-7000 fluorescence spectrophotometer. To ensure expression of each variant, whole cell lysates were analyzed using SDS-PAGE. A 1 mL aliquot of cell culture was pelleted and the supernatant removed. The pellets were washed with 20 mM Phosphate buffer pH 7.2 and pelleted again. The washed pellets were resuspended in 200 µL SDS-PAGE loading buffer and boiled for 10 minutes. Samples were centrifuged for 10 minutes at 13,000 × g. 10 µL of the supernatant for each variant was loaded onto a precast 4-20% gradient polyacrylamide gel (Bio-Rad) and analyzed via SDS-PAGE. Gels were stained with Coomassie Brilliant Blue R250 Dye and destained with a solution of 7% methanol and 7% acetic acid.
Selected colonies were also visually compared by streaking each variant onto a sterile nitrocellulose disc placed on an LB media plate containing streptomycin (20 µg/mL). After incubating the plates for 16 hours at 37°C, the discs were transferred to fresh LB media plates containing streptomycin and 2 mM IPTG. Plates were incubated for 4 to 6 hours at 37°C. The plates were scanned using a Bio-Rad Molecular Imager VersaDoc MP Imaging System.
Preparing Disaggregated IAPP
0.5 mg synthetic IAPP (GenScript Corp) or mutated IAPP (GenScript), was dissolved in 4.0 mL of hexafluoroisopropanol (HFIP) and placed in a sonicating water bath for 10 minutes. The solution was divided into 500 µL aliquots and stored at −80°C.
Thioflavin T Assays
Each aliquot of disaggregated IAPP (from above) was thawed and the HFIP removed over a stream of dry nitrogen gas. The resulting solid was dissolved in 20 mM tris buffer pH 7.40 to 10.6 µM. The samples were incubated at 37°C with shaking (200 rpm). 40 µL of each sample was removed at indicated time points and mixed with 660 µL of 31 µM thioflavin T in 20 mM Tris buffer pH 7.40. The thioflavin T mixture was incubated at room temperature in the dark for 5 minutes before recording the thioflavin T fluorescence (Ex 450nm and Em 488nm ) using a Hitatchi F-7000 fluorescence spectrophotometer 96-well plate reader.
Atomic Force Microscope
Each aliquot (from above) was thawed and the HFIP removed over a stream of dry nitrogen gas. The resulting solid was dissolved in 20 mM Tris buffer pH 7.40 to 106 µM. The samples were incubated at 37°C with shaking (200 rpm). 5 µL was taken from each sample at various time points, diluted 5-fold in filtered dI H 2 O and added directly to freshly cleaved mica. After 15 minutes of incubation, the mica surface was washed with 200 µL filtered dI H 2 O and allowed to air dry. Samples were scanned using an MFP-3D atomic force microscope (Asylum Research) set on A/C mode and a 240 µm silicon cantilever (Olympus).
Results
Error-prone PCR was used to construct a library of mutated IAPP sequences genetically fused to the reporter protein EGFP. This library was transformed into electrocompetent BL21(DE3) E. coli. These transformations resulted in approximately 25,000 individual colonies, of which approximately 20,000 possessed at least one mutation. Visual scanning of the plates under both white light and 490 nm wavelength light identified 87 colonies with significant green fluorescence. These bright colonies were selected and their DNA sequenced (Davis Sequencing). 59 of the selected colonies possessed deletions that resulted in truncated IAPP sequences (typically fewer than 15 amino acids fused to EGFP), yet remained in the correct reading frame to yield active EGFP. The remaining samples expressed a full-length IAPP sequence. Twenty-two of the selected full length IAPP sequences possessed a single mutation, four possessed double mutations and two possessed triple mutations (Figure 2 ).
The level of green fluorescence for each of the selected colonies was compared to that of wild type human IAPP fused to EGFP. The selected colonies were also compared to the non-amyloidogenic I26P mutant of IAPP fused to EGFP (11) . For a visual comparison, selected variants were grown on nitrocellulose discs and incubated with IPTG to induce protein expression (Figure 3) . For a more quantitative comparison, each variant was grown in LB liquid media and induced with IPTG. The resulting EGFP fluorescence was detected using a Hitatchi F-7000 fluorescence spectrophotometer (Figure 4) . To ensure comparable expression of each IAPP-EGFP variant, whole cell lysates were analyzed with SDS-PAGE ( Figure 5 ).
The use of fluorescent protein fusions to amyloidogenic proteins has been shown to be an effective method for distinguishing relative levels of amyloidogenicity (17, (19) (20) (21) (22) (23) (24) . However, it is important to verify the results of any screen to demonstrate the validity of the selected samples. To this end, we chose four of our selected variants, S28G, I26D, A13E and L16Q, to be chemically synthesized and experimentally characterized for their propensity to aggregate. We chose to characterize the S28G and I26D variants due to their elevated EGFP fluorescence. Because several non-amyloidogenic variants were identified having one or more mutations in the A13-V17 region, we chose to also characterize the L16Q and A13E variants.
The ability of the four selected variants to bind Thioflavin T (ThT), an indicator of amyloid aggregation, was compared to that of wild type IAPP. Human IAPP is one of the most amyloidogenic peptides known. To characterize the selected variants ability to resist aggregation, we subjected each variant to conditions known to quickly promote aggregation. Samples were incubated at 10 µM concentration ( Figure 6 ) and at 100 µM ( Figure 1S ), with vigorous shaking at 37°C. Under these conditions, wild type IAPP began to aggregate, and hence bind ThT, within minutes of incubation. The decrease in ThT fluorescence after reaching its maximum is commonly witnessed in these assays and is consistent with previously reported amyloid aggregation reactions (25, 26) .
The mutated IAPP samples selected to resist aggregation showed drastically reduced ThT fluorescence compared to IAPP.
The ability of the synthetic mutant IAPP variants to form fibers was compared to wild-type human IAPP (Figure 7 ) using atomic force microscopy (AFM). All IAPP samples were incubated under conditions known to promote fiber formation. Only wild-type IAPP was found to form fibers. The selected variants I26D, S28G, A13E and L16Q were not found to form fibers under any of the conditions tested.
Discussion
Many of the sequences selected with this screen were found to have mutations within the 20-29 region of IAPP. This is commonly referred to as the amyloidogenic region of IAPP (6, 8, 9, 11) . In this screen, 11 of the 28 variants selected had at least one mutation within the 20-29 region of IAPP. Recent work also indicates that the amyloidogenic region could be extended to include the 30-33 region of IAPP (9, 14) . Indeed, we find that 14 of the 28 sequences selected had mutations within the 20-33 region of IAPP. These results are consistent with previous studies that indicate the 20-33 region as being important for IAPP aggregation.
Seven of the twenty-eight sequences selected with this screen contained at least one mutation within the 15-17 region of IAPP (the amino acids FLV). There is little evidence within the current literature to indicate these amino acids as being amyloidogenic. Gazit and coworkers make several arguments suggesting a role for the amyloidogenic nature of the 14-19 region (27) (28) (29) , but the majority of work focuses on the 20-29 region as being responsible for amyloidogenicity. Because 25% of the selected non-amyloidogenic sequences from this screen have at least one FLV mutation, these amino acids may be important for IAPP aggregation. The selected variants with mutations outside the 20-33 region (such as the L16Q mutant) were resistant to aggregation despite the amyloidogenic nature of the 20-33 region of IAPP.
Our results suggest the 15-17 region of IAPP (amino acids FLV) is important for the aggregation of IAPP. Eisenberg and coworkers recently determined the crystal structure of an IAPP fusion to maltose binding protein (MBP) (30) . In their model, they show the FLV region of IAPP as the core of a helix thought to be associated with IAPP aggregation (31) (32) (33) . This model shows the FLV region of IAPP associating with the YLV region of insulin B chain (30) . Based on these models, and the results of our screen, the FLV region appears to be an important part of IAPP aggregation. Interestingly, the amyloid peptide associated with Alzheimer's disease, Aβ, contains an LVF sequence in the putative aggregation region.
Alanine13 was found to be an additional amino acid of interest selected from this screen. Ala13 is in the middle of the putative helical region of IAPP, believed to play a role in aggregation. Our screen identified two Ala13 mutants, A13E and the double mutant A13G, S20G, as being resistant to amyloid aggregation. The lack of aggregation witnessed with the A13E mutation could be attributed to the drastic change of a small alanine for a large negatively charged glutamic acid. However, the double mutant A13G, S20G could be more informative about the role of A13 in IAPP aggregation. Previous studies have shown that S20G (which is found in primates) is a highly amyloidogenic sequence (34) . Because the A13G, S20G double mutant was non-amyloidogenic according to our screen, and the S20G single mutation (as found in primates) remains amyloidogenic, we assign the lack of amyloidogenicity of this double mutant as being due to the A13G mutation. It is believed that this region of IAPP folds into an α-helix which may be important for aggregation (33) . Because glycine is a strong helix breaker, the observed results with the A13G variant supports the theory that this region of IAPP adopts a helical structure on the pathway to aggregation (33) . Decreasing this region's ability to adopt a helical fold may have resulted in the observed lack of fiber formation and decreased ThT binding of the A13G, S20G variant.
Previous studies have shown that amyloid aggregation and fiber formation have a pH dependence (35) (36) (37) (38) . Many amyloid proteins become more aggregation prone as the solution pH nears the isoelectric point (pI) of the protein. Wild-type IAPP, L16Q and S28G have an identical pI of 8.90, yet the L16Q and S28G variants were resistant to aggregation. This suggests that the resistance to aggregation is not due to pH effects of the solution, but rather to specific protein-protein interactions. The pI of the A13E and I26D variants are both 8.05. Because the pI of A13E and I26D is closer to the pH of the solution (pH = 7.4) than that of wild type IAPP, we would expect those variants to be more prone to aggregate. Again, the lack of aggregation of these two peptides can not be attributed solely to the pH of the solution, but are likely due to protein-protein interactions.
Several programs have been developed to identify in silico the amyloidogenic regions of proteins. We used one such program, TANGO (http://tango.crg.es) (38) (39) (40) , to analyze the IAPP and mutant IAPP sequences. Tango identified two aggregation-prone regions in the IAPP peptide sequence, amino acids L12-V17 and amino acids F23-L27. According to TANGO, both the A13E and L16Q mutations eliminate the L12-V17 amyloidogenic region (but have no effect on the F23-L27 region). Likewise, TANGO indicated that the I26D mutation eliminates the F23-L27 amyloidogenic region (but has no effect on the L12-V17 region). The results of the TANGO program support our experimental data in indicating that A13 and F15-V17 are important regions for the overall amyloidogenicity of IAPP.
Several mutant variants are consistent with previously published reports. In IAPP, the disulfide bond between Cys2 and Cys7 has been identified as an important contributor of fiber formation (41) . Two variants identified as non-amyloidogenic in our screen were C2Y and C7R. These mutations would both result in the loss of this intramolecular disulfide bond, and hence would be expected to be less amyloidogenic.
This EGFP based screen provided a facile method for sampling large numbers of sequence variants to identify those that resist amyloid aggregation. The screen is predicated on the fact that EGFP is a relatively slow-folding enzyme in prokaryotic expression (42) . This slow EGFP folding time allows the amyloidogenic peptides to aggregate prior to EGFP folding and fluorescence. Sequences selected through this screen should prove to be nonamyloidogenic, or at the least, should take longer to aggregate than EGFP takes to fold and fluoresce. The four synthetic variants tested (I26D, S28G, A13E and L16Q) showed decreased levels of ThT fluorescence and did not form fibers under the conditions tested. We believe these results are consistent with previously reported results that the 20-33 region of IAPP is amyloidogenic. However, this work indicates that other regions of the IAPP sequence, FLV (residues 15-17) and Ala13, should be considered important for amyloidogenesis.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Comparison of previously analyzed IAPP variants. Sequences known to aggregate are shown at the top. Sequences known to be non-amyloidogenic are shown in bold at the bottom. Only amino acid differences compared to wild type human IAPP are indicated. Comparison of IAPP variants identified through the use of the mutated IAPP-EGFP screen. Amyloidogenic sequences are listed at the top. Nonamyloidogenic sequences are indicated in bold lettering at the bottom. Only amino acid residues that differ from human IAPP are indicated. AFM images of (A) IAPP (B) I26D (C) S28G and (D) L16Q after 30 minutes of incubation at 37°C with agitation and (E) A13E after 60 minutes of incubation at 37°C with agitation. Time points shown were selected based on maximum ThT binding as determined in Figure  6 . Each variant was tested at multiple time points. Fibers were not detected under any of the conditions tested for the selected mutant variants (while wild type IAPP was found to produce fibers under all conditions tested and at all time points after 15 minutes of incubation).
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